To decrease the performance difference between the actual microscanning thermal imager and the theoretical value, a germanium lens (placed at a certain angle between the infrared focal plane array and infrared lens) dip angle model of flat optical component microscanning is introduced in this letter. The model is the basis for choosing the dip angle of the germanium lens, which is used in the microscanning thermal imager. In addition, the actual dip angle of the germanium lens is chosen according to the model, the infrared lens parameters of the thermal imager, and the germanium lens parameters of manufacture and installation. Only in this manner can the optimal performance of the microscanning thermal imager based on the flat optical component be obtained. Over the years, improving the spatial resolution of the infrared (IR) images has become an important task in the IR field [1, 2] , while the optical microscanning technology is an effective way to achieve this goal. In recent years, microscanning technology based on flat optical component (MTFOC) has been rapidly developed; it can break through the following limitations: 1) the detector's filling factor cannot be greater than 100%; and 2) the existing technology, which generates pixel sizes smaller than the diffraction spot sizes, cannot enhance the spatial resolution. Furthermore, MTFOC can address these limitations without changing the pixel sizes of the focal plane array (FPA), the array sizes, and the design of the IR lens [3] . Meanwhile, it can also increase the time utilization of the detector during photoelectric conversion [4, 5] and the modulation transfer function of IR images [6] . In actual applications, however, some problems remain; these include the large differences between the actual improved performance of the microscanning thermal imager based on the flat optical component and the theoretical value.
Over the years, improving the spatial resolution of the infrared (IR) images has become an important task in the IR field [1, 2] , while the optical microscanning technology is an effective way to achieve this goal. In recent years, microscanning technology based on flat optical component (MTFOC) has been rapidly developed; it can break through the following limitations: 1) the detector's filling factor cannot be greater than 100%; and 2) the existing technology, which generates pixel sizes smaller than the diffraction spot sizes, cannot enhance the spatial resolution. Furthermore, MTFOC can address these limitations without changing the pixel sizes of the focal plane array (FPA), the array sizes, and the design of the IR lens [3] . Meanwhile, it can also increase the time utilization of the detector during photoelectric conversion [4, 5] and the modulation transfer function of IR images [6] . In actual applications, however, some problems remain; these include the large differences between the actual improved performance of the microscanning thermal imager based on the flat optical component and the theoretical value.
To resolve the problems mentioned above, we conduct the related research based on the germanium lens dip angle model of the flat optical component, and the factors that affect the performance of the microscanning imager. The detailed descriptions are as follows.
The principle diagram of MTFOC is shown in Fig.  1(a) , in which incident light L 1 shoots at the germanium lens and L 2 is the exit light. From this figure, we can obtain the following equation [7] :
where d is the thickness of the germanium lens, i denotes the incident angle of incident light L 1 , n represents the refractive index, and ∆L is the displacement of L 2 to L 1 along the direction of the optical axis. If L 1 is an adaxial light, the incident angle i is so small that Eq. (1) can be approximately expressed as [7] 
If another adaxial light L a certain angle in front of the IRFPA, the IR image of the targets moves a distance of d(1 − 1/n) along the optical axis direction of the germanium lens. Suppose that the angle between the normal direction of the germanium lens and the normal direction of the FPA is α; considering that all the lights shooting at the FPA are adaxial lights, we can obtain the following equation:
where d || is the displacement of the IR images along the direction parallel to the FPA. Equation (3) is the theoretical basement of MTFOC, and it is limited in that the lights incident to the IRFPA are adaxial.
To evaluate the influencing factors of microscanning, we analyze the 2×2 four-step microscanning mode, which can be easily realized in engineering. The position relationship of the original pixels (no microscanning) and the pixels after microscanning is shown in Fig. 2 , in which the blocks filled with white represent the position of the original pixels, and the blocks filled with black represent the position of the pixels after 2×2 four-step microscanning. Suppose the pixel pitch of the detector is d pixel ; then, the distance d micro between original pixel O 1 and the nearest scanned pixel m 1 is the √ 2d pixel /4. To ensure the pixel position relationship of 2×2 four-step microscanning, the position of the scanned pixels reflected by the germanium lens from pixel O 1 can be at m 1 or m 2 , and theoretically, even at any blocks filled with black location along the direction of the arrow in Fig. 2 . That is, only the equation d || = (2k + 1)d micro should be satisfied in the 2×2 fourstep microscanning. Thus, the germanium lens dip angle model of the flat optical components can be expressed as
Theoretically speaking, the value k can be chosen randomly according to Eq. (4). The manufacture and installation errors definitely appear when a germanium lens is created and installed in the microscanning devices; meanwhile, the manufacture and installation errors are fixed during a period of time. On one hand, the bigger is the k value, the smaller the influence imposed on the microscanning performance during the installation process, and the better the image quality. On the other hand, upon deriving Eq. (2), we indicate that the prerequisite of the establishment of Eq. (2) is that the lights shooting at the FPA should be adaxial lights. To satisfy this condition, k should be as small as possible. Thus, the final selection of k should be based on the comprehensive consideration of the germanium lens installation, manufacture parameters, and the axis-nearing degree of the lights from the IR lens. Only in this case will the difference between the actual performance and the theoretical value of the microscanning thermal imager be minor.
The following examples are actual demonstrations used to verify that different germanium lens dip angles can cause different influences on microscanning performance, and only the installation angle of the germanium lens is optimal in the actual system.
In this example, the 320×240 French-made microbolometer is adopted; the pixel pitch of the detector is 45 µm. Suppose that the thickness of the germanium lens used is 1.5 mm; then, Eq. (4) can be simplified as
The relationship between theoretical installation angle α and parameter k is shown in Table 1 . The germanium lens is installed on the hypotenuse of the triangle bracket in Fig. 3 , in which angle α ′ is the actual dip angle because of installation error. Suppose that the vertical error caused by the installation and manufacture procedure of the microscanning device is ∆H(to illustrate the problem conveniently, only positive error is considered); we can then obtain
Substituting Eq. (9) into Eq.
The pixel position error is defined as the difference between the theoretical and the actual values. We divide the pixel position error by the theoretical value, and then obtain the ratio
Because the sensitive area of the FPA that we used is 14.4× 10.8 (mm) [8] , L is chosen as 30 mm to guarantee that the lens can completely cover the FPA. Meanwhile, the computer numerical control machining center and the usual vector testing instrument used during the manufacture and installation procedure can both cause an error of 10 µm [9] . Thus, ∆H can be up to 20 µm. The theoretical value of d || and the actual error when k is 0, 1, and 2 are shown in Table 2 . The table is based on Eq. (2) which means that the lights from the exit pupil of the IR lens are all considered adaxial. However, in actual systems, a small angle always exists between the lights shooting at the germanium lens and the optical axis of the germanium lens. Suppose that the maximum angle between the lights that participate in imaging and the optical axis of the germanium lens is i max , and the IR lens IR 050 0.8320 ( i max is 30
• ) manufactured by the Kunming North Optoelectronic Corporation is selected; then, the errors in the microscanning system caused by the non-adaxial lights are shown in Table 3 .
According to Table 2 , with the increase in k, the installation error parameter becomes larger. According to Table 3 , the increase in k generates a smaller microscanning error parameter. Thus, we can conclude that the changing trend of installation error parameter and microscanning error parameter are contrary to each other. With the increase in installation error parameter, microscanning error becomes smaller. The two errors both affect system performance. According to Eq. (10), the system performance is affected by the product of the two errors. The smaller is the product of the two errors, the better the system performance. Therefore, we should select an adaptive k to acquire the best performance. The total error between the theoretical and the actual values of the microscanning system is defined as the product of the germanium lens installation error, manufacture error, and the optical system error. Table 4 shows us the total microscanning error coefficient (MEC) of the microscanning system under different k. The MEC is defined as
The bigger MEC causes poor performance of the microscanning imager. Table 4 shows that the performance of the microscanning system has the least difference between the actual and the theoretical values when k is 2 from 0 to 3. When k is larger than 3, the total MEC is larger and the performance of the microscanning system gets worse.
To verify the theory mentioned above, we adopt the 320×240 French-made microbolometer, and the parameters of the optical lens are: F #: 1.0; f : 50 mm. The core processor is dm642 (Ti Corporation). The environment temperature is 20
• C. Under these conditions, we obtain four microscanning images when k is from 0 to 3. The images are shown in Fig. 4 . From the figures, we can observe that the spatial resolution of Fig. 4(c) is the highest among the four figures and the k value is 2. The spatial resolutions of Figs. 4(b) and (d) are nearly identical and higher than that of Fig. 4(a) . Thus, the descending order of spatial resolution is Figs. 4(b) , (c), and (d) (the spatial resolution of all figures are the same), and then Fig. 4(a) . The experimental results are consistent not only with Table 4 , but also with Eq. (12).
According to the experiments above, we can determine that the dip angle of the microscanning germanium lens based on the flat optical components should be selected according to the dip angle model, optical system 
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parameters, and the germanium's actual installation and manufacture parameters. To obtain the optimal performance of the microscanning thermal imager, the germanium lens dip angle model must be matched with the installation and manufacture parameters. Thus, the aim to improve the spatial resolution of IR images through microscanning technology can be realized.
